Abstract: This paper presents a new technique for the design of an optimal fractional order PID controller for Load frequency control (LFC) in power systems. The proposed approach utilizes a unique combination of Big Bang Big Crunch (BB-BC) algorithm which is a recent soft computing technique and internal model control (IMC) scheme for the design of a fractional order PID controller and it also unifies the notion of order diminution with controller design. A detailed mathematical description of the proposed approach is elucidated in the paper. Since BB-BC is a stochastic search technique, hence a thorough statistical analysis of the response specifications is performed. To demonstrate the effectiveness of the proposed approach, an exhaustive comparative analysis in terms of time response specifications and performance indices is also carried out. It is inferred that the proposed approach is highly efficient tool and outperforms the recent techniques in the literature.
INTRODUCTION
The performance of a large scale power system undergoes deterioration owing to the degradation in power quality caused by load perturbations which results in deviation in tie-line power interchange and fluctuation in area frequency. This necessitates the use of Load frequency control (LFC) to withstand load disturbances, parameter uncertainties and for the minimisation of unscheduled power flow between interconnected areas (Pandey et al. (2013) ). Thus, LFC can be regarded as an optimization and a robustness control problem. Various advanced control strategies are proposed in literature like optimal control (Cavin et al. (1971) ), sliding mode control (Vrdoljak et al. (2010) ), PID control (Moon et al. (2001) ), Internal model control (IMC) (Tan (2010) , Saxena and Hote (2013) ), etc. However, all these approaches encounter limitation of sluggish disturbance attenuation, especially in the presence of parameter uncertainties and load disturbances.
These days, the theory of fractional calculus has witnessed a tremendous popularity in system engineering and the control practitioners are closely focussing on the application of fractional calculus in the design of PID controllers. Fractional-order (FO) systems have attracted increasing interests, since many real-world physical systems are better characterized by FO differential equation (Monje et al. (2010) ). A fractional order PID (FOPID) controller provides additional flexibility in the design phase over a simple integer order (IO) PID structure as it has five tuning parameters i.e., K p , K i , K d , λ and µ instead of three in a classical IO controller. Various ways of tuning a FOPID controller are proposed in the literature (Doicin et al. (2016) , Valério and da Costa (2006) ). Besides these techniques, soft computing algorithms can also be used to tune a FOPID controller (Herreros et al. (2002) ). It is pertinent to mention here that the different soft computing techniques require a specification on the bound of the solution space before their application to a problem. Until now, the bounds were intutively chosen, whereas in this paper IMC scheme will aid us in obtaining a suitable boundary of the search space. The choice of the upper and lower bounds on the optimization variables play an important role in the quality of the solution obtained and the rate of convergence of the solution.
In this paper, a new technique is presented for the tuning of the parameters of a FOPID controller via BBBC algorithm and IMC scheme for single area power system comprising of a non-reheated turbine. The single area power system is of third order, hence it is first reduced into second order via BBBC optimization algorithm (Erol and Eksin (2006) ). In the next step, IMC is applied on the reduced order plant to obtain the parameters of the PID controller. The parameters, hence obtained are used to specify a suitable bound on the parameters of the FOPID controller to be tuned via BBBC algorithm. It aids in faster convergence of the solutions and an acceptable optimal solution can be obtained in as few as 10 iterations since we have chosen a tighter solution space via IMC scheme. The reason of choosing BBBC algorithm over other similar metaheuristic algorithms is its simplicity and proven track record of achieving more accurate results in order diminution and controller design problems (Desai and Prasad (2013) , Bi- (2016)). Since BBBC is a stochastic optimization technique, hence a thorough statistical analysis of the controller parameters and the time response specifications is conducted to show the effectiveness of the proposed technique. Besides this, an exhaustive comparative analysis is done with respect to the recently developed techniques of LFC and the superiority of the proposed approach is shown in terms of faster disturbance rejection and the lower values of the integral error indices. The beauty of the proposed approach is that it combines a conventional technique such as IMC and a recent metaheuristic technique such as BBBC to achieve a good quality optimal solution for the given problem quickly. Once a controller is designed, it is crucial to check if it is robust to the presence of parametric uncertainty in the system, thus robustness analysis is also carried out in the paper. The results convey the efficiency and powerfulness of the proposed technique.
PROBLEM STATEMENT
A power system is typically a large-scale system consisting of complex nonlinear dynamics. However, for small load changes, it can be appropriately typified by a linear model, linearized about the operating point. The single area power system for LFC design consists of a governor G g (s), nonreheated turbine G t (s), load and machine G p (s) and the droop characteristics as illustrated in Fig.1 . The dynamics of the individual components are described as follows:
(1)
The nomenclature of different system parameters is given in Table 1 .
The system model can be characterized by the following transfer function:
where Equation (4) clearly explains that LFC is primarily a disturbance rejection problem, in which the goal is to design a robust FOPID controller for a single area power system such that the effect of the load disturbances on ∆f is minimum. The FOPID controller to be designed is of the form as given below:
Here K p , K i and K d denote the proportional, gain, integral gain and the derivative gain and λ and µ are the fractional orders of the integral and derivative term respectively.
PROPOSED APPROACH
The proposed technique can be segregated into broadly two major steps. The first step involves the design of a IMC-PID controller for the power system. In the second step, we use BBBC optimization algorithm to design an optimal FOPID controller by using the PID parameters obtained in the first step as a means to specify a bound on the solution space.
The detailed mathematical formulation of the proposed technique is explained below.
Internal Model Control
Equations (1)- (6) show that even a single area power system is a third order system. Hence, we reduce it into second order before the application of IMC approach. In this paper, the order diminution is performed via BBBC algorithm since it is simple to understand and gives reduced order model which closely resembles the original system (Biradar et al. (2016) ). Let the reduced order model be given by
where a j , j = 0, 1 and b i , i = 0, 1, 2 are constant coefficients of s, and b i > 0.
For the LFC problem, it is observed that the reduced order model obtained via BBBC is a non minimum phase system, thus we consider a 1 < 0. If a 1 ≥ 0, a similar type of procedure can be applied as given herein.
Equation (8) can be re-written as
where a 2 = a1 a0 < 0. After obtaining the reduced order model, we apply IMC scheme to the LFC problem. 
where G R− (s) and G R+ (s) represent the minimum and non-minimum phase part respectively. Thus,
Next, a filter is chosen of the form as given in (13).
Here, δ is intutively tuned. k is chosen such that IMC controller is physically realizable. For this problem, we consider k = 1.
Finally, the IMC controller is given by
In the classical feedback form, the PID controller can be written as
On substitution of values of G R (s) and Q(s) from equations (9) and (14), we obtain
Equation (16) can be re-written as where
a0δ−a1 . Thus, we have obtained the parameters of a IMC-PID controller. In the next subsection, these parameters will aid us in choice of the bounds of the solution space for FOPID via BBBC algorithm.
BBBC optimization algorithm
BBBC is a global heuristic search technique discovered by Erol and Eksin based on the theory of evolution of the closed universe in the field of physics and astronomy. The BBBC algorithm involves two phases -BB phase, in which the candidate solutions are spread at random in the search space and the BC phase in which candidate solutions are drawn into a single representative point known as the center of mass (Erol and Eksin (2006) ). The algorithm starts by the random generation of an initial population of feasible candidates. This uniform randomness is equivalent to energy dissipation in nature. The BB phase represents the search space exploration process, while the BC results in best solution exploitation. Table 2 depicts the nomenclature of BBBC parameters. The steps of standard BBBC algorithm are outlined as follows:
Step 1 Initialise the BBBC parameters i.e., N , Ψ, maxite and set iter = 1. Select the lower bound of the FOPID parameters as
] and the upper bound as U = [pK p pK d pK i 2 2]. Here K p K i and K d are the PID parameters computed in (17). λ and µ ∈ (0,2). If λ, µ ≥ 2, the resulting controller would be of higher order and of a different form as compared to conventional PID controller. The factor p is intutively tuned.
Step 2 Generate N candidate solutions via uniform random distribution. This phase is the Big Bang phase (BBP). Let x i be the vector describing the position of the i th candidate solution. Thus, the elements of x i are generated as
Step 3 Compute the fitness function matrix for the N candidate solutions as
..N and J(x i ) is the performance index function for the i th candidate solution.
Step 4 Sort the fitness values in ascending order of their magnitudes. Let the least fitness value be represented by f iter .
Step 5 Compute the centre of mass of the given candidate solutions. This phase is called Big crunch phase (BCP).
Since our objective is the computation of the minimum value of the function, the algorithm uses the reciprocal of the function as a measure of fitness. Hence, the weighted mean of the candidate solutions is biased towards the region, where the performance function has its least value.
Step 6 Next, N new candidates are generated in the search space based on the knowledge of the centre of mass computed in the previous iteration using (20)
Here r i is a normal random number which is unique for every candidate solution, such that r i ∈ (0, 1].
Step 7 Compute the fitness function values for the new set of candidate solutions generated in Step 6. Then, go to Step 4. Thus, the successive BB phase and BC phase steps are carried out repeatedly until a stopping criterion has been met.
Step 8 When the maximum number of iterations have reached, we sort the least fitness values computed in
Step 4 in an increasing order and find the solution corresponding to the least value of the performance index. Thus, the solution having lowest fitness value gives us the optimum FOPID parameters.
NUMERICAL STUDIES
Consider a power system plant model with a non-reheated turbine and droop characteristics as depicted in Fig.  1 . The simulations are performed in MATLAB R2016a environment by using FOMCON toolbox for fractional order systems (Tepljakov et al. (2013) ). The typical values of the LFC parameters are expressed in (21) K = 120, T g = 0.08, T p = 20, T t = 0.3, R = 2.4. (21) Using (21) It is obvious from Fig. 4 that the step response of the reduced order model is almost fully coincident to that of the full order system. The corresponding value of ISE is 6.7653 × 10 −5 .
The conventional IMC-PID controller (δ = 0.1) is obtained using equations (9)- (17) and is given by (Saxena and Hote (2013) ) and Tan's IMC-PID (Tan (2010) ). A step load disturbance ∆P d = 0.01 is applied to the system at t = 2s. It can be observed from Fig. 5 that the rejection of load disturbance is faster and accompanied with a minimal undershoot for the proposed scheme. The performance of the controller is quantified via various integral error indices like integral square error (ISE), integral absolute error (IAE) and integral time absolute error (ITAE). A thorough statistical analysis of the performance indices is performed in Table 3 . In Table 3 , the undershoot and overshoot are defined as the peak negative deviation and the peak positive deviation in the frequency respectively. Since, we had chosen a tight solution space for BBBC optimization algorithm via IMC control scheme, thus the variance and standard deviations of the time response specifications and controller parameters are extremely small in magnitude. A closer look reveals that even the worst case response is nearly optimal and one could stop the BBBC algorithm after as less than 10 iterations and be assured of a nearly optimal response, thus greatly reducing the simulation time.
The uncertainty in system parameters is a crucial issue in the modern day complex power systems. Thus, it of utmost importance that the LFC controller is robust to the effect of parametric uncertainty in the system. To investigate the robustness of the controller, the LFC parameters are perturbed by ±50% in the same manner as expressed in Sondhi and Hote (2014) , i.e., The proposed controller is implemented on the uncertain system and the corresponding disturbance rejection response is shown in Fig. 6 and Fig. 7 respectively. It can be seen that the proposed FOPID controller is able to effectively withstand parameter uncertainties and the frequency deviations settle to zero in minimum time with least overshoot for the proposed controller in comparison to other techniques of controller design. Table 4 and Table   0 5 enlist the performance indices for the nominal model, +50% and -50% uncertain model respectively. It is evident from the low values of ISE, IAE and ITAE, that the FOPID controller designed via the proposed scheme is capable of handling uncertainty in the plant parameters and reject the load fluctuations efficiently. Thus, we can conclude that the proposed scheme outperforms the recent techniques and is clearly the improved design for load frequency control. 
CONCLUSION
This work presents the design of an optimal FOPID controller for the single area non reheated turbine power system via BBBC optimization algorithm and IMC scheme. The beauty of the proposed approach lies in the fast convergence of BBBC algorithm due to a suitable choice of the solution space and the extremely fast disturbance rejection capability accompanied by minimal overshoot and undershoot of the FOPID controller. The proposed scheme clearly outperforms the recent techniques of LFC controller design fron the literature. Due to space limitations, the proposed technique is demonstrated only for a single area power system with non-reheated turbine. The proposed work can be extended to the case of a power system with reheated turbine and hydro turbine. It may also be extended to a interconnected system, though in that case each control area is controlled independent of the other areas. Hence, a similar technique is applicable to a multi area interconnected system as well.
